Abstract: Detailed statistical investigations of the effectiveness of three widely adopted optical orthogonal frequency division multiplexing (OOFDM) adaptive loading algorithms, including power loading (PL), bit loading, and bit-and-power loading (BPL), are undertaken, for the first time, over 1000 statistically constructed worst-case multimode fiber (MMF) links without incorporating inline optical amplification. It is shown that the BPL (PL) algorithm always offers the best (worst) transmission performance. The absolute transmission capacity differences between these algorithms are independent of signal bit rate and increase with both transmission distance and digital-to-analog converter/analog-to-digital converter (DAC/ADC) sampling rate. More importantly, numerical results also indicate that, for both worst-case and normal-case MMF links of less than 300 m, in comparison with the most sophisticated BPL algorithm, the simplest PL algorithm is sufficiently effective in escalating the OOFDM MMF system performance to its maximum potential. The effectiveness of the PL algorithm can be further improved when a large number of subcarriers are utilized. On the other hand, for relatively long MMF links (9 800 m) with their 3-dB bandwidths being much less than the transmitted OOFDM signal spectrum, the BPL algorithm has to be adopted. The aforementioned results have great potential for practical cost-effective OOFDM transceiver architecture design.
Introduction
As one of the strongest contenders for practical implementation in next-generation optical networks of various architectures to satisfy the exponentially increasing end-users' demands for broadband services, optical orthogonal frequency division multiplexing (OOFDM) has attracted extensive research-and-development interests world-wide, since OOFDM has great potential for providing a cost-effective, high-speed, Bfuture-proof[ technical solution due to full utilization of the rapid advances in modern digital signal processing (DSP) technology and a large number of salient advantages, including, for example, inherent resistance to linear system impairments, tolerance to imperfect components and systems owing to efficient utilization of channel spectrum, as well as excellent system flexibility and performance robustness due to its adaptive subcarrier manipulation capability [1] . Inevitably, the aforementioned features also result in a considerable reduction in network complexity.
For a specific transmission link, to maximize the OOFDM performance and simultaneously improve the system flexibility and performance robustness, full use can be made of orthogonality among different subcarriers within an OOFDM symbol by applying various adaptive loading algorithms on each individual subcarrier, according to the signal-to-noise ratio (SNR) experienced by the subcarrier [2] . The widely adopted adaptive loading algorithms include bit loading (BL), power loading (PL), and bit-and-power loading (BPL), all of which can be implemented using the well-known Bwater-filling[ approach. In the BL algorithm [3] , [4] , different signal modulation formats are taken on individual subcarriers which have identical electrical powers. In the PL algorithm [1] , [5] , [6] , electrical subcarrier powers are manipulated with the same signal modulation format being taken on all those subcarriers. Finally, in the BPL algorithm [7] - [9] , both the power and modulation format of each individual subcarrier are adjusted independently. Each of these adaptive loading algorithms can be utilized to maximize the signal bit rate for a given bit error rate (BER) and a fixed power constraint or to minimize the BER for a given signal bit rate in order to increase the system power budget. Throughout this paper, the option of employing the adaptive loading algorithms to increase the signal bit rate is considered.
Of these three adaptive loading algorithms, the BPL algorithm has the ability of achieving the largest signal bit rate [7] - [9] , but it suffers from the highest level of computational complexity and requires sophisticated OOFDM transceiver designs to accommodate the variations in both the number of bits per symbol and the selective modulation formats [1] . On the other hand, as a direct result of the least computational complexity and the simplest OOFDM transceiver architecture, the PL algorithm has been experimentally implemented successfully in end-to-end real-time OOFDM transceivers at 11.25 Gb/s, using low-cost, off-the-shelf electrical and optical components [1] . In addition, comparisons between theoretical results and experimental measurements have also been undertaken [1] , which indicate that there exists small difference between the BPL-enabled highest signal bit rate and the PL-enabled lowest signal bit rate for intensity-modulation and direct-detection (IMDD) single-mode fiber (SMF) links of up to 100 km.
As the statement that different adaptive loading algorithms offer similar transmission performances may have huge potential for practical cost-effective OOFDM transceiver architecture design, detailed explorations of the validity of the above statement in arbitrary transmission links are of great importance. Considering the fact that the IMDD SMF links employed in [1] have very simple system frequency responses with approximately Gaussian profiles, the employment of legacy multimode fibers (MMFs) with more complicated system frequency responses are therefore essential.
As different MMF links reveal large variations in both the 3-dB bandwidths and the system frequency responses [10] , [11] , any explorations of the topic of interest of the present paper over a specific MMF link are not adequate. Hence, in this paper, statistical investigations of the performance of these three adaptive loading algorithms are undertaken, for the first time, over 1000 statistically constructed worst-case MMF links. The use of the worst-case MMF links is due to the fact that their corresponding frequency responses have more unpredictable peaks and nulls occurring within the signal spectral region. It is shown that, for both worst-case and normal-case MMF links of less than 300 m, in comparison with the most sophisticated BPL algorithm, the simplest PL algorithm is sufficiently effective in escalating the OOFDM MMF link performance to its maximum potential. The effectiveness of the PL algorithm can be further improved when a large number of subcarriers are utilized. On the other hand, for relatively long MMF links with their 3-dB bandwidths being much less than the transmitted OOFDM signal spectrum, the BPL algorithm has to be adopted.
2. Theoretical OOFDM Model, Statistical Construction of Worst-Case MMF Links, and Simulation Parameters A representative single-channel directly modulated laser (DML)-based OOFDM IMDD transmission system considered in this paper is illustrated in Fig. 1 , where the PL, BL, and BPL algorithms are conducted via negotiations between the corresponding elements of the transmitter and receiver, as indicated in Fig. 1 . It should also be noted that inline optical amplification is not included.
In simulating the OOFDM transceivers, the signal generation, transmission, and detection procedures similar to those reported in [4] , [10] , and [11] are adopted. Here, 64 subcarriers are employed, of which 31 carry real user information, and one contains no power, and the remaining 32 are the complex conjugate of all the aforementioned subcarriers. The digital-to-analog converter (DAC)/analog-to-digital converter (ADC) operate at optimum 7-bit resolution and 12.5-GS/s sampling rates. The signal clipping levels are fixed at 13 dB, and the cyclic prefix (CP) parameter is taken to be 25% [4] .
By using the approach presented in [10] , the impulse response of a MMF link can be constructed by
where gðt Þ is the optical pulse, which corresponds to an excited optical mode; M is the total number of the optical modes propagating simultaneously through the link; and m and m are the time delay and the amplitude of the mth optical mode. To statistically construct 1000 worst-case MMF impulse responses, the following assumptions are considered [10] :
a Gaussian pulse shape for each optical mode; a uniform optical mode time delay distribution with respect to an average time delay with a maximum time deviation being half of the maximum differential mode delays (DMDs) of 2 ns/km. Such a DMD value can represent the worst 5% of all MMF links operating at long wavelengths; an identical optical mode power distribution across all the excited optical modes.
The adoption of the aforementioned three assumptions results in that the 3-dB optical bandwidths of all the constructed worst-case MMF links are much smaller than the standard bandwidth-length production of 500 MHz Á km. It should be pointed out that the worst-case MMF impulse responses are constructed under a specific transmission distance of, say, 300 m; then, these impulse responses are scaled linearly using the transmission distance required by assuming that the 3-dB link bandwidth is proportional to the inverse of transmission distance. When 80 optical modes with their corresponding optical pulse widths being fixed at 10 ps are used [10] , the constructed 1000 worst-case MMFs have 3-dB bandwidths varying in a range of 220-490 MHz Á km. A linear fiber loss of 1 dB/km is also assumed. The validity of the statistical worst-case MMF impulse response construction approach has been verified in [11] .
Since the influence of optical nonlinearities induced by DMLs under optimum operating conditions is negligible on the transmission performance of OOFDM signals over MMF links [10] , for simplicity without losing generality, an ideal optical intensity modulator at 1550 nm is thus considered, which produces a 5-dBm optical power coupled into the MMF links. In the OOFDM receiver, a square-law photon-detector is employed, having a quantum efficiency of 0.8 and a sensitivity of À19 dBm (corresponding to a 10-Gb/s non-return-to-zero with a BER of 1:0 Â 10 À9 ). In this paper, the impact of modal noise is assumed to be negligible for the following three reasons: 1) All the transmitted light emerging from the output facet of the MMF transmission link is assumed to be coupled into the photodiode; 2) no mode filtering components are utilized in the entire transmission link; and 3) mode selective loss (MSL) is relatively low for restricted launching conditions. The validity of such an assumption has been verified statistically in [11] . More importantly, experimental measurements have also suggested [12] that, for a typical 500-m OOFDM MMF system, the power penalty induced by modal noise is about 1 dB, which, from a practical link design point of view, is much smaller than the typical system power budget of 9 20 dB.
Implementation of Adaptive Loading Algorithms
Given the central role of adaptive loading algorithms and the large number of statistically constructed worst-case MMFs utilized, it is necessary to discuss the implementation of these algorithms in our numerical simulations. The adaptive allocation of bit and/or power on each individual OOFDM subcarrier is justified as optical transmission channels remain relatively stable in time. Such adaptive allocation processes also require the knowledge of the channel state information (CSI), which can be easily obtained, both theoretically [4] , [10] , [11] and experimentally [1] , [12] , using pilot signals implemented in the OOFDM transceiver design. Through negotiations between the transmitter and the receiver, all the adaptive loading algorithms can thus be implemented according to the total channel BER and each individual subcarrier BER. The descriptions of the implementation of these adaptive loading algorithms are detailed below:
PL Algorithm
According to the system frequency response of a specific transmission link, a maximum possible signal modulation format is taken on all the subcarriers within an OOFDM symbol, and each individual subcarrier power is optimized to ensure that the individual subcarrier BERs detected in the receiver are almost uniformly distributed among all the subcarriers and that the corresponding total channel BER is less than 1:0 Â 10 À3 . The detailed PL implementation procedures adopted here are similar to those presented in [1] .
BL Algorithm
Depending upon the system frequency response, the BL algorithm enables the signal modulation format taken on each individual subcarrier within an OOFDM symbol to vary with the non-dropped subcarrier having identical powers. Generally speaking, a high (low) signal modulation format is used on a subcarrier experiencing a high (low) SNR. The detailed BL implementation procedures adopted here are similar to those presented in [4] , [10] , and [11] .
BPL Algorithm
There is a wealth of literature on practical implementation of the BPL algorithm in OOFDM/OFDM systems [7] - [9] , [13] , [14] . For the present case where 1000 statistically constructed worst-case MMF links are considered, the following BPL implementation approach is proved to be very effective, which is thus adopted in our numerical simulations. The descriptions of the approach are given below. 1) For a specific MMF link, by assigning identical powers for individual subcarriers regardless of their modulation formats, the BL algorithm is first applied with the highest possible modulation format (256-QAM) being taken on each individual subcarrier. 2) The generated OOFDM signal is transmitted through the MMF link. After transmission, the total channel BER and the individual subcarrier BER are calculated in the receiver. If the total channel BER is less than 1:0 Â 10 À3 , then the signal line rate R, which is calculated using the equation given below, is considered to be the final result, and the simulation process for the MMF link stops
where R bk is the signal bit rate transmitted by the kth subcarrier, n k is the total number of binary bits conveyed by the kth subcarrier within one symbol period, N s is the total number of data-carrying subcarriers in the positive frequency bins, r s is the sampling rates of the DAC/ADC, and C p is the cyclic prefix parameter [4] . If the total channel BER is larger than 1:0 Â 10 À3 , then the PL algorithm is applied, as described in Step 3. For an OOFDM system with a new MMF link, during Step 2, the SNR of the k th subcarrier, i.e., SNR k , is also calculated using pilot signals and the thermal and shot noise associated with the PIN-detector involved in the receiver [10] , [11] . As SNR k includes the channel attenuation, linear, and nonlinear system impairments and receiver noise [15] , SNR k represents the quality of the sub-channel.
3) The purpose of Step 3 is to make use of the signal modulation format distribution assigned in
Step 2 to minimize the BER performance using the PL algorithm based on the well-known Bwater filling[ method. Taking into account the SNR k obtained in Step 2, the optimum electrical power P Ok that is allocated on the kth subcarrier in the transmitter is computed by [16] 
where À k is the SNR gap between the SNR required to achieve the Shannon capacity and the SNR required to achieve the present capacity R bk at a given BER. Since the subcarrier bandwidth BW k and the subcarrier capacity R bk are made known, À k can be estimated by
and C is the constant governed by
where is the fixed total power budget. 4) Having identified an optimum electrical power for each individual subcarrier, an updated OOFDM signal is generated, transmitted through the same MMF link, and detected in the receiver. If the total channel BER is less than 1:0 Â 10 À3 , the signal line rate calculated in Step 2 is considered to be the final result, and the simulation process for the MMF link stops. On the other hand, if the total channel BER is still larger than 1:0 Â 10 À3 , the signal modulation format taken on each subcarrier with a subcarrier BER of larger than 1:0 Â 10 À3 is reduced to its adjacent low level. After that, a new OOFDM signal is generated, and Steps 2-4 are repeated.
For fair comparisons between different adaptive loading algorithms, it is worth highlighting the following aspects: a) The total electrical signal powers corresponding to all these algorithms are set to be identical, and comparisons of maximum achievable transmission capacity at a total channel BER of 1:0 Â 10 À3 are made; b) signal-modulation formats vary from differential binary phase shift keying (DBPSK), differential quadrature phase shift keying (DQPSK), and 8-quadrature amplitude modulation (QAM) up to 256-QAM; and c) any subcarrier with a very low SNR may be dropped completely if the following condition is met: For the PL algorithm only, the detected errors are too large to achieve the required total channel BER; for the BL and BPL algorithms, the detected errors are too large to achieve the required total channel BER, even when the lowest modulation format (DBPSK) is employed.
Statistical Performance of Adaptive Loading Algorithms
Due to the statistical nature of the numerical results presented in this paper, the cumulative density function (CDF) is thus utilized to describe the performance of various adaptive loading algorithms for different MMF link conditions and OOFDM transceiver parameters.
For different adaptive loading algorithms, Fig. 2(a)-(c) shows the CDF versus signal line rate for worst-case MMF links of lengths of 300 m, 800 m, and 1500 m, respectively. In obtaining Fig. 2 , all the parameters listed in Section 2 are adopted, including N s ¼ 32. As expected from [1] , for all the MMF links, Fig. 2 shows that the BPL (PL) algorithm always offers the best (worst) transmission performance. Similar behaviors can also be found in Figs. 3 and 4 . The worst performance associated with the PL algorithm is due to the fact that, compared with the BL and BPL algorithms, the PL algorithm leads to the largest number of subcarriers being dropped, on which the detected errors are too large to achieve an acceptable total channel BER.
It can also be seen in Fig. 2 that the signal transmission capacity differences between the BPL and PL algorithms are independent of signal bit rate, and such differences become slightly larger for longer transmission distances, for example, 1.8 Gb/s for 300 m, 2.1 Gb/s for 800 m, and 2.5 Gb/s for 1500 m. The aforementioned evolution trends agree very well with the experimental measurements conducted in IMDD SMF systems [1] . More importantly, along with the long transmission distanceinduced reduction in signal transmission capacity, the relative transmission capacity difference between the BPL and PL algorithms increases from $7% to $35% when the MMF lengths are increased from 300 m to 1500 m, as seen in Fig. 2 . This implies that, for a fixed OOFDM signal spectral width, a reduction in 3-dB link bandwidth plays an important role in determining the effectiveness of these adaptive loading algorithms.
The results presented in Fig. 2 indicate that, for both worst-case and normal-case MMF links of less than 300 m, the simplest PL algorithm can be considered to be an effective means of escalating the OOFDM MMF system performance to its maximum potential, whereas for MMF links of longer than 800 m, it is worth considering the sophisticated BPL algorithm.
Having examined the influence of transmission distance on the performance of these algorithms in Figs. 2-4 , explore the impacts of OOFDM transceiver parameters. Here, special attention is focused on exploring two crucial parameters, namely, the number of subcarriers in the positive frequency bins N s and the DAC/ADC sampling rate r s . For the systems illustrated in Fig. 1 , the relationships between the OOFDM signal bandwidth N s and r s can be expressed as [10] 
where B s is the OOFDM signal bandwidth, and T b is the OOFDM symbol period. It can be easily understood from (6) that r s determines B s , and for a fixed r s , a large N s value produces a small BW k value. For different adaptive loading algorithms and r s ¼ 12:5 GS/s, the CDF as a function of signal line rate is plotted in Fig. 3 for different N s : Fig. 3(a) for N s ¼ 32, Fig. 3(b) for N s ¼ 64, and Fig. 3(c) for N s ¼ 128. In computing Fig. 3 , the transmission distances are taken to be 1500 m to reveal large transmission capacity differences between these algorithms. It is shown in Fig. 3 that, with increasing N s from 32 to 128, a five-fold increase in achievable transmission capacity occurs. The large N s -induced transmission capacity enhancement is a direct result of an increased CP duration [11] : For a fixed sampling rate, a larger number of subcarriers results in a long CP, thus leading to the enhanced OOFDM capability of combating the DMD effect. In addition, it is also very interesting to note that, with increasing N s from 32 to 128, the transmission capacity difference between the BPL (best) and PL (worst) algorithms decreases from 35% to 17%. This indicates that, compared with the BPL algorithm, a large number of subcarriers can improve the effectiveness of the PL algorithm.
The impacts of DAC/ADC sampling rate on the performance of these algorithms are presented in Fig. 4 , in which N s ¼ 128, and worst-case MMF lengths of 1500 m are adopted. It can be seen in Fig. 4 that, as the sampling rate increases from 12.5 GS/s to 20 GS/s, the transmission capacity difference between the PL (worst) and BPL (best) algorithms grows from 4 Gb/s to 11.5 Gb/s, giving rise to an enlarged relative transmission capacity difference (12%) between the two algorithms. This can be understood by considering (6): A high sampling rate-induced wider signal spectral width allows low signal modulation formats to be taken on high-frequency subcarriers when the PL algorithm is applied. Clearly, a large sampling rate degrades the performance of the PL algorithm. Moreover, for MMF links capable of supporting the BL-enabled signal bit rates of 40 Gb/s at a DAC/ADC sampling rate of 20 GS/s, their corresponding averaged 3-dB MMF bandwidths are roughly 0.5 GHz [17] . This implies that the use of the BPL algorithm is essential when the 3-dB link bandwidths are less than 5% of the OOFDM signal spectrum.
In addition, Fig. 4 also shows that, for very high sampling rates of 9 35 GS/s, both the signal transmission capacities for all these three algorithms and the relative transmission capacity differences between them are reduced significantly. The physical mechanisms underpinning such behaviors are, first, the rapid decay of the MMF frequency response at high frequencies gives rise to large losses for subcarriers located at the high frequency edge of the broad OOFDM signal spectrum, and hence, low signal modulation formats and/or subcarrier dropping have to be applied on these subcarriers. Second, a fast sampling rate corresponds to a short CP duration, thus weakening the OOFDM capability of combating the DMD effect.
Conclusion
Over 1000 statistically constructed worst-case IMDD MMF links without incorporating inline optical amplification, detailed statistical investigations have been undertaken, for the first time, of the effectiveness of three widely adopted OOFDM adaptive loading algorithms, including PL, BL, and BPL. It has been shown that the BPL (PL) algorithm always offers the best (worst) transmission performance. The absolute transmission capacity differences between these algorithms are independent of signal bit rate and increase with both transmission distance and DAC/ADC sampling rate. On the other hand, the relative transmission capacity difference between the BPL and PL algorithms significantly decreases for short MMF lengths, a large number of subcarriers, and low DAC/ADC sampling rates. In addition, numerical results have also indicated that, for both worst-case and normal-case MMF links of less than 300 m, in comparison with the sophisticated BPL algorithm, the simplest PL algorithm can be considered as an effective means of escalating the OOFDM MMF link performance to its maximum potential, and the effectiveness of the PL algorithm can be further improved when a large number of subcarriers are used, whereas for relatively long MMF links with 3-dB bandwidths much less than the transmitted OOFDM signal spectrum, the BPL algorithm has to be adopted.
Given the importance of the aforementioned statements for practical cost-effective OOFDM transceiver architecture design, in October 2010, experimental verifications of the statements have been conducted in directly modulated DFB laser-based IMDD SMF systems, using end-to-end real-time OOFDM transceivers with adaptive bit and/or power loading algorithms being implemented [18] . It has been shown that 11.75-Gb/s OOFDM signal transmission can be achieved over 25 km MetroCor SMF-based IMDD links using BPL and, more importantly, that the BPL algorithm can increase bit rate by approximate 7% compared with PL. The experimental results agree very well with the theoretical predictions. Experimental verifications of the theoretical predictions in MMF links are currently being undertaken, and detailed experimental results will be reported elsewhere in due course.
